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Abstract
Background
Although both Gαq- and Gα11-protein signaling are believed to be involved in the 
regulation of cardiac hypertrophy, their detailed contribution to myocardial function 
remains elusive.
Methods and Results
We studied remodeling processes in healthy transgenic mice with genetically 
altered Gαq/Gα11-expression, in particular a global Gα11-knockout and a novel 
inducible cardiac specific Gαq-knockout, as well as a combined double knock-out 
(dKO) mouse line. Echocardiography revealed that compared with wild type mice, 
hearts of dKO mice showed an increased ejection fraction and a decreased heart 
rate, irrespective of age resulting in a maintained cardiac output. We attributed 
these findings to the lack of Gα11, which absence was associated with a decreased
afterload. Histological analysis of the extracellular matrix in the heart depicted a 
diminished presence of
collagen in aging hearts of dKO mice compared to wild-type mice. The results of a 
transcriptom analysis on isolated ventricular cardiac myocytes revealed alterations 
of
the activity of genes involved in the Gαq/Gα11-dependent regulation of the 
extracellular matrix, such as the matricellular protein Cyr61.
Conclusions
From our data we conclude that Gαq/Gα11 signaling pathways play a pivotal role in 
maintaining gene activity patterns. For the heart we revealed their importance in 
modulating the properties of the extracellular matrix, a mechanism that might be an 
important contributor and mechanistic basis for the development of pressure 
overload induced cardiac hypertrophy
Keywords
Gαq/Gα11-signalling, cardiac tissue-remodeling, matricellular proteins, Cyr61.
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Zusammenfassung
Hintergrund
Obwohl vermutet wird, dass die Signalwege von Gαq- und  Gα11-Protein beide in der
Regulation von Hypertrophie beteiligt sind, bleibt ihre detaillierte Beteiligung an der 
myokardialen Funktion unklar.
Methoden und Ergebnisse
Wir haben Umbauprozesse in gesunden transgenen Mäusen mit einer genetisch 
veränderten Gαq/Gα11- Signalkette, insbesondere Mauslinien mit einem generellen 
Gα11-knockout und einem neuen herzspezifischen Gαq-knockout sowie einem 
kombinierten Doppel knockout (dKO), untersucht. Die Echokardiographie ergab, 
dass die Herzen der dKO Mäuse im Vergleich zu den Wildtyp Mäusen unabhängig 
vom Alter ein höheres Auswurfvolumen (EF) und eine niedrigere Herzfrequenz bei 
gleichbleibendem kardialem Auswurf aufwiesen. Wir führten dies auf die 
Abwesenheit von Gα11 zurück, welches mit einer verminderten Nachlast in 
Zusammenhang gebracht wurde. Histologische Untersuchungen der extrazellulären
Matrix im Herzen ergaben ein geringeres Vorkommen von Kollagen in alternden 
Herzen von dKO Mäusen im Vergleich zu Wildtyp Mäusen. Die Ergebnisse einer 
Transkriptionsanalyse an isolierten ventrikulären kardialen Myozyten ergaben 
Veränderungen der Aktivität von Genen, die an der Gαq/Gα11-abhängigen 
Regulation der extrazellulären Matrix beteiligt sind, wie das matrizelluläre Protein 
Cyr61.
Schussfolgerungen
Aus unseren Daten schließen wir, dass Gαq/Gα11 Signalwege eine Schlüsselrolle in 
der Aufrechterhaltung von Mustern aktiver Gene spielen. Für das Herz zeigten wir 
ihre Wichtigkeit bei der Modulation des Grades/ Anteils der extrazellulären Matrix. 
Dieser  Mechanismus sollte einen bedeutenden Beitrag für die Entwicklung einer 
durch Drucküberlastung induzierten kardialen Hypertrophie leisten und dessen 
mechanische Basis darstellen.
Stichworte
Gαq/Gα11-Signale, kardialer Gewebeumbau, matrizelluläre Proteine, Cyr61.
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Background: Although both Gαq- and Gα11-protein signaling are believed to be involved in the regulation of
cardiac hypertrophy, their detailed contribution to myocardial function remains elusive.
Methods and results: We studied remodeling processes in healthy transgenic mice with genetically altered
Gαq/Gα11-expression, in particular a global Gα11-knockout and a novel inducible cardiac specific Gαq-
knockout, as well as a combined double knockout (dKO) mouse line. Echocardiography and telemetric
ECG recordings revealed that compared with wild type mice, hearts of dKO mice showed an increased ejection
fraction and a decreased heart rate, irrespective of age resulting in a maintained cardiac output. We attributed
these findings to the lack of Gα11, which the absence was associated with a decreased afterload. Histological
analysis of the extracellular matrix in the heart depicted a diminished presence of collagen in aging hearts of
dKO mice compared to wild-type mice. The results of a transcriptome analysis on isolated ventricular cardiac
myocytes revealed alterations of the activity of genes involved in the Gαq/Gα11-dependent regulation of the
extracellular matrix, such as the matricellular protein Cyr61.
Conclusions: From our data we conclude that Gαq/Gα11 signaling pathways play a pivotal role in maintaining
gene activity patterns. For the heart we revealed their importance in modulating the properties of the extracel-
lular matrix, a mechanism that might be an important contributor andmechanistic basis for the development of
pressure-overload induced cardiac hypertrophy.
© 2015 Elsevier Ireland Ltd. All rights reserved.
1. Introduction
In the mammalian heart, a plethora of processes are either
controlled or modulated via G-protein coupled receptors (GPCRs),
which induce intracellular signal transduction [1]. Although the roles
of the Gαi-, Gαo- and Gαs-proteins in excitation generation and
myocardial function are well understood, the detailed contribution of
the Gαq- and Gα11-proteins, as well as their signaling cascades, remain
elusive [2–4]. Although the involvement of Gαq in hypertrophic
signaling in the heart has been reported [5–8], the detailed signaling
processes underlying this phenomenon remain unclear, and the role
played by both, physiological responses and homeostasis are not well
understood.
Because receptor agonists often trigger multiple signaling path-
ways simultaneously, dissecting the contributions of both Gαq- and
Gα11-protein coupled signaling has proven difficult; cross talk in-
volving β-adrenergic Gαs signaling has been proposed as a mecha-
nism underlying this process [9–11]. Therefore, the transgenic
modulation Gαq- and Gα11-protein expression appears to be the
method of choice to investigate their involvement in cardiac signal-
ing. Because Gαq and Gα11 are often regarded as redundant signaling
molecules [12], it seems advantageous to knock out both proteins
simultaneously.
To characterize basic cardiac functions under physiological condi-
tions, we investigated the hearts of mice in vivo following the induction
of the heart specific Gαq knockout, in both, the presence and the
absence of Gα11 proteins. Using such mice, we studied their growth,
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blood pressure, heart rate variability and life expectancy, and followed
both, cardiac morphology and function, via echocardiography over a
time period of 9 months. We complemented these in vivo studies
with the histological analysis of the extracellular matrix in those hearts
and related such findings to a detailed genetic analysis of themyocytes'
transcriptome by Next-Generation Sequencing.
2. Materials and methods
2.1. Experimental animals
The experiments were conducted in accordance with the recommendations of
the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health. The protocol was approved by the State Office for Health and Consumer
Protection (Permit Number: 31/07). All efforts were made to minimize suffering of
animals. The transgenic mouse lines were bred using a new Cre-mouse strain,
which was recently introduced [13]. For the principle selection of the genotypes of
the single knock-out mice and the control animals, we followed previous recommen-
dations [14]. The selection of these genotypes, as well as the abbreviations used in
this paper, are summarized in Table 1.
To induce Cre-recombinase activation, a daily dose of Tamoxifen (Sigma-Aldrich,
St. Louis, MO, USA) (40 mg/kg body weight) was injected into 5 week-old animals
intraperitoneally (i.p.) for 5 days.
The survival times of the mice were compared using PRISM (GraphPad Software,
La Jolla, CA, USA), employing the Gehan–Breslow–Wilcoxon Test.
2.2. Imaging of fluorescence protein expression in selected organs and isolated cardiomyocytes
Fluorescence images of the heart, spleen, lung, liver, kidney, aorta, and smoothmuscle
were obtained using a fluorescence stereomicroscope (SZX12, Olympus, Tokyo, Japan).
Ventricular myocytes were isolated according to a protocol established for rat ventricular
myocytes [15] with slight modifications, as outlined in [16].
Cellular imaging was performed using a confocal scanner (CSU-10, Yokogawa Corp.,
Tokyo, Japan) attached to an upright microscope (E600, Nikon, Tokyo, Japan), using a
40× water immersion objective as previously described [17].
2.3. Western blot analysis and control of cardiomyocyte specific Cre-expression
Western blots were performed as previously described [18]. Protein extracts were
prepared from freshly isolated cells. The cells were washed 2 times with ice-cold
phosphate buffered saline (PBS). Thereafter, ice-cold extraction buffer (in mmol/L: 100,
Tris–HCl; 100, NaCl; pH 7.5; 20 DTT, 0.5% Triton-X-100 and a protease inhibitor cocktail:
complete, Roche Diagnostics, Mannheim, Germany) was added, and the cells were
transferred to a 1.5 mL centrifugation tube. Following a 15 min incubation period on ice
to lyse the cells, the lysate was centrifuged at 13.000 g in a chilled centrifuge for 15 min.
The supernatant was subsequently transferred to a new centrifuge tube, and the protein
concentration was determined. The proteins were separated on 10% SDS-PAGE (Bio-Rad,
Hercules, CA, USA) according to the Laemmli procedure and electrophoretically trans-
ferred to PVDF membranes (GE Healthcare, Chalfont St Giles, UK). The membranes were
blocked using 5% skim milk in PBS plus 0.1% v/v Tween-20 before incubation with
mouse anti-α-tubulin antibody, 1:1000 (Sigma-Aldrich, St. Louis, MO, USA), and rabbit
anti-Gαq antibody, 1:1000 (Santa Cruz Biotechnology, Dallas, TX, USA). HRP-conjugated
secondary antibodies, 1:30000 (Santa Cruz Biotechnology, Dallas, TX, USA), and an ECL
plus Western Blotting detection system (GE Healthcare, Chalfont St Giles, UK) were used
to detect the proteins of interest.
2.4. Blood pressure measurements
Blood pressure was monitored online in mice with implanted telemetric pressure
sensors with the catheter placed directly into the aortic arch (HD-X11, Data Sciences
International, St. Paul, MN, USA).
Thirty-two-week-old male mice were anesthetized (3% Isoflurane for induction, 1.5%
formaintenance, analgesia: Carprofen (10mg/kg bodyweight) prior to being placed in the
dorsal recumbent position on a heating plate. The animals' forelimbs were taped to the
table following a lack of an observed response to the paw pinch test. A midline incision
through the skin from the mandible to the sternum enabled clinicians to view the under-
lying salivary glands. The glands were gently separated, and the left carotid artery was
carefully isolated from the surrounding using blunted, curved forceps. Three 10 cm pieces
of suture (silk, 6/0, Suprama, Berlin, Germany)were positioned under the artery. Themost
distal cranial suture was tightly ligated at the height of the bifurcation of the internal and
external carotid arteries. A loose knot at the two other ligatures and an additional micro-
serrefine suture temporarily occluded blood flow to prevent bleeding during cannulation
and pressure catheter insertion. The carotid artery was pierced using amodified 26-gauge
needle proximal to the permanent knot, and the artificial hole was held in place with this
needle as the tip of the pressure catheterwas inserted.With the help of vessel cannulation
forceps, the catheter was advanced until the tip reached the aortic arch. The serrefine
suture was subsequently removed, and the loose ligatures were released to allow passage
of the catheter before being tightened again to keep the catheter in position after it
reached the aortic arch. The systemic pressure was immediately recorded (Dataquest
A.R.T, Data Sciences International, St. Paul, MN, USA) and sampled over a two minute
period (sampling rate: 500 Hz). The animals were decapitated immediately following
the withdrawal of the catheter.
The Gaussian distribution of the mean arterial pressure values was verified using the
Kolmogorov–Smirnov test. Comparisons of significancewere performedwith an unpaired
t-test.
2.5. Echocardiography
Echocardiography was performed with a device designed for small animals (Vevo
770, Visualsonics, Toronto, Canada). For a minimum of 1 h, the mice were placed under
a warming lamp in the room in which echocardiography was performed to acclimatize
them to their surroundings. For echocardiography, the mice were anesthetized in an
induction chamber with a constant inflow of 3% isoflurane mixed with pure oxygen.
When they stopped exhibiting positional reflexes, they were removed from the chamber
and placed on a heated platform with embedded ECG contact pads in the dorsal recum-
bent position; 1–2% isoflurane mixed with pure oxygen flow was administered via
facemasks. The eyes were covered with dexpanthenol (Bepanthen, Bayer, Wuppertal,
Germany) eye ointment to avoid dehydration, and thepawswere taped to theECG contact
pads. To maintain body temperatures above 36 °C, a warming lamp was positioned above
themice, and temperaturewasmonitored via a rectal probe. The hair on the ventral side of
the thorax was removedwith hair removal solution (Nair hair removal, Church & Dwight,
Ewing, NJ, USA). Ultrasound gel waswarmed to 37 °C and placed on the chest, primarily in
the area above the heart, before the 30 MHz scan head was utilized.
We performed B- andM-mode imaging in both long and short axis views to measure
interventricular septum thickness (IVS), left ventricular inner diameter (LVID), and left
ventricular posterior and anterior wall thickness (LVPW and LVAW) during both systole
and diastole. The Vevo 770 program calculated left ventricular (LV) mass, LV systolic
and diastolic volume, ejection fraction (EF) and fractional shortening (FS). To image
the trans-mitral flow pattern, the probe was positioned orthogonally relative to the
apex of the heart, in the left ventricle, at the tip of themitral valve. In Pulse-wavedDoppler
(PWD) mode, mitral valve (MV) velocity (MVE = Early diastolic filling wave; MVA =
Atrial kick wave) and isovolumic relaxation time (IVRT) were both measured.
Lines connecting different time points do not impose a functional dependence but
were drawn as guides for the eye.
In the control experiments, the Adenosine A1 receptor ligand 2-Chloro-N
6-
cyclopentyladenosine (CCPA; Sigma-Aldrich, St. Louis, MO, USA) was administered to
decrease the animals' heart rates without triggering additional signaling pathways in the
myocardium.
For the statistical analysis of the echocardiographic parameters, we performed a
2-way ANOVA test in PRISM (GraphPad Software, La Jolla, CA, USA) to examine the
differences between the genotypes.
2.6. Heart rate variability
For Heart rate variability (HRV) analysis, biopotential transmitters were implanted as
described above (Section 2.4 Blood pressure measurements). To enable ECG recordings,
the positive lead was fixed subcutaneously 10 mm left to the manubrium sterni, the
negative lead on the right pectoral muscle. The mice were allowed the recover for at
least 2 weeks and kept in a light/dark schedule of 12/12 h. In 20 week old mice of all
genotypes, ECGs were acquired for a 60 h period with hourly measurements of 5 min du-
ration (Dataquest A.R.T, Data Sciences International, St. Paul, MN, USA). For HRV analysis,
we selected 18–23 segments of 2 min from 13 animals during light periods, which were
free of artifacts and ectopic beats. Analysis was performed according to the recommenda-
tions by Thireau et al. [19]. We calculated the mean normal-R to normal-R intervals (NN)
and the standard deviation of NN intervals (SDNN). Further parameters are presented in
[20]. All calculations were performed with Labchart and Labchart Pro (AD Instruments,
Unit B, Bishops Mews, Transport Way, Oxford OX4 6HD, UK). Statistical analysis was
executed in PRISM (GraphPad Software, La Jolla, CA, USA). The Gaussian distribution
was checked using the D'Agostino & Pearson omnibus normality test. Comparison of
significance was performedwith an unpaired t-test for Gaussian distributed data (plotted
Table 1
Overview of the mouse genotypes used with explanations of the expression of the modi-
fied proteins; wt = wild-type; tg = transgenic (Cre expression); 0 = no Cre expression.
The lines' background color corresponds to the color-code used throughout all figures.
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as bar graphs) or with a Mann–Whitney test for non-Gaussian distributed data (plotted
as boxes).
2.7. Cardiac function
Theheartswere examinedusing a procedure similar to that previously described [21];
the mice were heparinized with 100 IU heparin 15 min prior to being killed via the intra-
peritoneal administration of pentobarbital-sodium (60 mg/kg body weight). The heart
was excised and placed in ice-cold St. Thomas-Hospital solution (Dr. Franz Köhler Chemie
GmbH, Bensheim, Germany). Following removal of the pericardium, lungs, and trachea,
the aorta was cannulated using an 18-gauge metal cannula. The left atrium (LA) was
also cannulated through the pulmonary vein using a 1.5 cm, 16-gauge steel cannula.
This cannula was connected to a heated preload column, resulting in a myocardial
temperature of 37 °C when the heart was working (preload 10 mm Hg, afterload
60 mm Hg). The hearts were paced at the RA at 380 beats per minute. Left ventricular
(LV) systolic and diastolic function were both recorded using a conductance catheter
(Millar 1.4F SPR-835, Millar, Houston, TX, USA) inserted into the LV cavity through a
small hole in the apex. The LV pressure–volume relationship [end-systolic pressure–vol-
ume relationship (ESPVR) and end-diastolic pressure−volume relationship (EDPVR)]
were investigated under following a sudden increase in the afterload from 80 mm Hg to
120 mm Hg(EDPVR), resulting in beat-to-beat changes as the heart slowly adjusted to
the increased afterload. Both the cardiac inflow (1/4 cardiac output, CO) and aortic flow
were recorded continuously using inline ultrasonic transit probes and were subsequently
used to calibrate volume measurements, using a conductance catheter. Parallel conduc-
tance (wall thickness) was determined using the saline dilution method, which involved
injecting a 5 mL bolus of hypertonic (5%) saline into the left atrial cannula, causing a
transient change in the conductivity of KHB in the LV.
2.8. Histology
The mice were anesthetized via the intraperitoneal injection of pentobarbital-
sodium (60 mg/kg body weight) and subsequently killed via decapitation. Following
a midline sternal incision, the hearts were quickly excised and washed in freshly pro-
vided 4% paraformaldehyde (PFA) in phosphate buffered saline, pH 7.4, to remove the
blood from the ventricles. They were then placed in 2 mL Eppendorf tubes filled with
4% PFA and stored in a fridge at 4 °C until needed. The hearts were dehydrated using
an ascending ethanol series before being embedded in paraffin wax, and then
sectioned into 6 μm thick slices with the help of a microtome (HM350, Microm,
Heidelberg, Germany).
For staining, the slices were rinsed 3 times in xylol and decreasing isopropanol
concentrations before beingwashed in aquadest. and subjected to pico-Sirius Red staining
solution. After 1 h, the staining solution was differentiated in HCl and increasing
isopropanol concentrations.
Images of the stained slices were taken on a NIKON E600 upright microscope
equipped with a DS-Ri1 Camera (Nikon, Tokyo, Japan), and subsequently analyzed using
LUCIA F/G. The measurements were performed on 10 images from different parts of the
left ventricle.
Significance of 8 week old vs. 50 week old mice was tested using Sidak's multiple
comparison test and the comparison of the different genotypes at particular time points
was performed with the Mann–Whitney test using PRISM (GraphPad Software, La Jolla,
CA, USA).
2.9. Next-Generation Sequencing
To investigate changes of the transcriptome, adult ventricular myocytes from three
WT and three dKO animals were investigated via Next Generation Sequencing, using
HiSeq 2000 (Illumina, San Diego, CA, USA) with 60 million reads per library. For a cardio-
myocyte specific RNA extraction total RNA was extracted from isolated cardiac myocytes
to obtain. Cell isolation was modified from a protocol originally established for the isola-
tion of rat cardiac myocytes [15]. Animals were anesthetized (10 mL/kg body weight)
i.p. with a mixture of ketamine hydrochloride (85 mg/kg body weight) and xylazine hy-
drochloride (15mg/kg body weight) dissolved in 0.9% NaCl solution. Anesthesia was con-
sidered sufficientwhen the paw pinch testwas negative.We subsequently injected citrate
(117mg/kg bodyweight) i.p. to reduce blood clotting. The animals were killed via decap-
itation. Solution A+ (in mmol/L: NaCl, 134; KCl, 4; glucose, 11; MgSO4, 1.2; Na2HPO4, 1.2;
HEPES, 10; EGTA, 0.2; pHadjusted to 7.35 usingNaOH)was injected into both ventricles to
arrest the heart and remove blood. The hearts were then cannulated to allow retrograde
Langendorff perfusionwith solutionA+ at room temperature for 5min. Following Liberase
(Roche Diagnostics, Mannheim, Germany) perfusion (1 mg in solution A) at 37 °C for
12 min, the hearts were placed in petri dishes with solution A (in mmol/L: NaCl, 134;
KCl, 4; glucose, 11; MgSO4, 1.2; Na2HPO4, 1.2; HEPES, 10; pH adjusted to 7.35 using
NaOH and sterile filtered, oxygenated saline). The ventricles were cut and triturated and
paced in solution A plus DNAse I Type 2 (Sigma-Aldrich, St. Louis, MO, USA; 4 units per
mL) for 10 min. The cells were seeded in 10 cm petri dishes coated with extracellular ma-
trix proteins (Sigma-Aldrich, St. Louis, MO, USA). Following a sedimentation period of
30min at 37 °C, the cells were rinsedwith PBS and harvested. RNA extracts were prepared
using an RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's
instructions. RNA concentrationsweremeasured using NanoDrop (ThermoScientific,Wil-
mington, DE, USA), and quality control was performed using an Agilent 2100 bioanalyzer
(Agilent Technologies, Böblingen, Germany). cDNA library construction and sequencing
were each performed using GATC Biotech AG (Konstanz, Germany).
The generated RNA-seq dataweremapped against the NCBImouse reference genome
(build37.2) using TopHat 2.0.9 [22]. We subsequently used the Cufflinks package to
identify differentially expressed genes [23]. We followed the protocol for mapping and
identifying differentially expressed genes developed by Trapnell et al. [24]. We removed
the differentially expressed genes having no official name from the resulting list. To iden-
tify the regulatory ormetabolic pathways and functional categories thatwere significantly
enriched by the identified genes, we performed an Over-Representation Analysis (ORA)
with GeneTrail [25], using both the pathway information from KEGG [26] and the ontol-
ogies from GO [27]. Additionally, we performed a Gene Set Enrichment Analysis (GSEA)
with GeneTrail by sorting the full gene list by their fold changes in such a way that the
genes over-expressed in the dKO group were at the top of the list. As both enrichment
analyses yielded many significant categories, we considered only those that were signifi-
cant in both the ORA and the GSEA analyses.
3. Results
3.1. The inducible cardiomyocyte specific knock-out of Gαq
We aimed to generate a mouse model in which the Gαq gene was
inactivated in both a tissue-specific and an inducible manner. Using
transgenic mouse lines (Gα11
−/− and Gαq
flox/flox) [8], we created a novel
cardiac specific inducible knock-out for Gαq, utilizing a recently intro-
duced α-MHC-CreER(T2) mouse line [13]. We refer to these mice as
Cretg/0 instead of α-MHC-CreER(T2). Because the Cretg/0 mouse line
has not been characterized before, we crossed it with the mT/mG re-
porter mouse line [28] to obtain mT/mGtg/0 Cretg/0 offspring and
investigated tissue specificity of expression. Cre recombinase activity
was induced via Tamoxifen (see Materials and methods), and miglyol
injection was used as a negative control. Fig. 1 depicts that tissue-
specific Gαq down regulation was achieved 21 days after Tamoxifen
injection, as studied by Western blot analysis. Three weeks following
the first injection, the hearts of mT/mGtg/0 Cretg/0 offsprings were
excised and investigated. While the hearts of miglyol-treated mice
exhibited control tdTomato (red) fluorescence (Fig. 1Aa) lacking eGFP
(green)fluorescence (Fig. 1Ab), Tamoxifen injections induced an almost
complete loss of the red fluorescence from cardiac muscle tissue
(Fig. 1Ad) and a strong eGFP fluorescence (green, Fig. 1Ae). To confirm
the expected plasmamembrane restricted eGFP expression, cardiac tis-
sue was subjected to confocal imaging (Fig. 1E). Our results clearly
depicted the presence of eGFP in the plasmamembrane. Fig. 1D further
details the tissue-specificity of the Cretg/0mouse. Usingfluorescencemi-
croscopy, only the heart tissue exhibited a high FeGFP/FtdTomato ratio
while all other tissues displayed ratios that were at least 6–10 fold
smaller (Fig. 1D).
Additionally, we scrutinized this Cre approach in Gαq/11 double-
knock-out (dKO) mice (GqflG11−Cre+Tam+) to characterize both the
degree and the speed of Gαq loss. The expression of Gαq in isolated ven-
tricular myocytes was probed by Western blots at various times after
Tamoxifen administration (Fig. 1B). The signals approached the detec-
tion level at 23 days after injection. Fig. 1C summarizes results of a series
of experiments including comparisons of the time dependent loss of
Gαq proteins (filled symbols) and the change in eGFP/tdTomatofluores-
cence ratio (open symbols).
These results confirmed both the functionality of the heart specific
inducible Cre/loxP system and the almost complete loss of Gαq expres-
sion in ventricular myocytes three weeks after the first Tamoxifen
injection.
3.2. Basic characterization in vivo
Fig. 2 summarizes the results of a basic longterm study investigating
the various genotypes. We found no differences in the growth of the
mice (Fig. 2A). However, as depicted by the Kaplan–Meyer survival
curves of the four genotypes in Fig. 2B, the lifespan of the dKO was
significantly increased compared with both the Gq-KO and the WT
mice. Although the lifespans of the Gq-KO and the G11-KO mice were
838 K. Wiesen et al. / International Journal of Cardiology 202 (2016) 836–845
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not significantly different, their p-value of 0.056was close to thedefined
significance level. We investigated the cause of death post-mortem and
found that the majority of mice died because of infirmity. Nevertheless,
we observed the presence of tumors in 25% of the animals but were
unable to observe a significant prevalence in a particular genotype
(data not shown).
Fig. 1. Tissue specificity and time course of the Cre-induced down-regulation of Gαq following Tamoxifen injection. (A) Depicts hearts from double fluorescent Cre reporter mice (for
details seeMaterials andmethods). Theheart in (a)–(c) has been injectedwithmiglyolwhile theheart in (d)–(f) has beenTamoxifen-injected (22 days after the start of thefirst Tamoxifen
injection). The first column (a) & (d) depicts the red fluorescence (tdTomato), the second column (b) & (e) the green fluorescence (eGFP). All four images are recorded under identical
conditions. Sub-panels (c) & (f) show overlays of images (a) & (b) and (d) & (e), respectively. (B) shows a typical Western blot from isolated ventricular myocytes in which we probed
for Gαq with α-tubulin as the loading control. The times after first Tamoxifen injection are given below. (C) summarizes the data from (A) and (B). (D) displays a statistical summary
of the green/red fluorescence ratio from images such as those shown in (A) for various tissues. Tissues were sampled at day 12 after the first Tamoxifen injection and were taken from
12–27 animals. Inset: view onto a cut open heart depicts cardiomyocyte specific eGFP expression (green) and non-cardiomyocyte-specific tdTomato expression in coronary vessels
(red, marked with a yellow arrow). (E) confocal image of cardiac tissue highlighting themembrane targeted eGFP. The outline of individual cardiomyocytes 12 days following Tamoxifen
injection can be discerned. Thewhite scale bar represents 100 µm. (For interpretation of the references to color in thisfigure legend, the reader is referred to theweb version of this article.)
Fig. 2. Growth and lifetime of WT, G11-KO, Gq-KO and dKO mice. (A) shows a summary of the growth of all genotypes tested starting from the age of 8 weeks (Gαq-protein downregu-
lated) up to the age of 50 weeks. There was no statistical difference in the growth of all mice investigated. (B) Kaplan Meier survival plot for all genotypes. A statistical comparison of the
survival curves yielded: dKO vs.WT, p= 0.034 (*); dKO vs. Gq-KO, p= 0.029 (*); G11-KO vs.WT, p=0.12 (n.s.); G11-KO vs. Gq-KO, p= 0.056 (n.s.); Gq vs.WT, p= 0.31 (n.s.); and dKO
vs. G11, p = 0.92 (n.s.).
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The same population of animals as in Fig. 2 were subjected to repet-
itive echocardiography to characterize basic cardiac parameters in vivo
[18]. The animals were examined at the age of 8 weeks (3 weeks after
Tamoxifen injection), 11, 14, 22, 36 and 50 weeks.
Left ventricular inner diameter (LV ID), left ventricular posteriorwall
thickness (LV PW), left ventricular anterior wall thickness (LV AW) and
inner ventricular septum thickness (IVS)were not significantly different
among the different genotypes (see Fig. 1 in [20]) indicating no alter-
ation in normal heart development.
Interestingly, in contrast to such morphometric parameters, the
hearts of the dKO mice exhibited significantly increased ejection
fractions (EF, Fig. 3Ba) and fractional shortening (FS, see Fig. 2 in [20])
when compared with the WT mice. See also the exemplified M-mode
images in Fig. 3Ab. Additionally, the mitral valve E/A-wave ratio was
significantly increased in the dKO mice when compared with the WT
mice (see Fig. 2 in [20]). Noteworthy, the particular analysis of the
two single KO mouse lines yielded values for these functional parame-
ters in between those for WT and dKO (see Fig. 2 in [20]). We detected
Fig. 3. Functional analysis of WT and dKOmice. (Aa) Echocardiographic B-mode image for a WT mouse with the yellow line indicating the position for the M-mode images. (Ab) Repre-
sentative M-mode images of a WT mouse heart (left) and a dKO mouse heart (right) at the age of 50 weeks. The horizontal scale bars depict 200 ms and the vertical scale bar 3 mm. In
yellow a selection ofmorphometric parameters that can be deduced from theM-mode image are highlighted. (B) Development of EF (Ba), heart rate (Bb), left ventricular diastolic volume
(LVVd, Bc) and cardiac output (CO, Bd) over time for WT (black) and dKOmice (red). All data derived from 12–16 animals per group. The full set of morphometric and functional param-
eters for all four genotypes is summarized in Figs. 1 & 2 in [20]. (C) A decreased heart rate is associatedwith a decreased ejection fraction inWT (black andwhite bars) but not in dKOmice
(red). InWT the heart rate was substantially decreased by the administration of the negative chronotropic agent CCPA. Each bar summarizes the results from 9–11 animals. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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a significantly slower heart rate in the dKOmice in comparison toWT
for all age groups (Fig. 3Bb). Such changes were not based on chang-
es in the hearts volume (Fig. 3Bc) nor in the cardiac output, CO
(Fig. 3Bd). To investigate whether the slower rate was compensatory
for the larger EF and FSwemeasured the ejection fraction inWT, dKO
andWT treated with CCPA. CCPA is an adenosine receptor A1 agonist,
which decreases the conduction of electrical impulses and sup-
presses pacemaker cell function, resulting in a decrease in heart
rate [29]. Fig. 3C summarizes the results of such a study. Although
CCPA treated WT animals displayed a substantially reduced heart
rate, EF was not increased as in the dKO but instead decreased (see
Fig. 3Cb).
3.3. Mechanism of altered contractility
We subsequently evaluated cardiac performance under well-
defined ex vivo conditions independent of either systemic influences
or acute hormonal modulations by measuring functional parameters
in explanted working hearts as described in Materials and methods.
Fig. 4A summarizes such functional measurements. Representative
Fig. 4. Ejection fraction in the isolated working heart and mean arterial pressure and heart rate variability in vivo. (Aa) Representative examples of pressure–volume loops measured in
ex vivoworking hearts from32week oldWT (black) anddKO (red)mice. (Ab) Statistical analysis of the ejection fraction ofworking hearts obtained frommice of given genotypes. Eachbar
comprises the results of 5–10mice. (B)Mean arterial pressuremeasured in vivo in 32week oldmice.Micewith a global G11-KOdisplayed a reducedmean arterial pressure (9–12 animals
per genotype). (C)Heart rate variability (HRV) analysis based on telemetric ECGmeasurements in conscious freelymoving 20week oldmice. (Ca)MeanR–R intervals (MeanNN) and (Cb)
standard deviation of all normal R–R intervals (SDNN). Diagrams represent measurements from 13 mice. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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pressure–volume loops for both hearts from WT and dKO mice are
depicted in Fig. 4Aa, while Fig. 4Ab displays the ejection fraction calcu-
lated from working heart experiments for each genotype. Interestingly,
we could not find any significant differences. Additional parameters
derived from the working heart study are presented in Fig. 3 in [20].
We thus wondered whether the differences we recorded in vivo
were a result of e.g. altered afterload because it has been described
that Gα11-signaling impacts on smooth muscle contractility and might
thus influence themean arterial pressure [30]. We therefore investigat-
ed the mean arterial pressure in in vivo telemetric measurements
whose results are summarized in Fig. 4B. Noteworthy, themean arterial
pressure was significantly reduced in those genotypes in which G11
was knocked out, i.e. in G11-KO and dKO mice, while Gq-KO animals
were not different from WT.
Furthermore, we investigated the heart rate variability (HRV) in
freely moving mice (Fig. 4C). First of all we could confirm the decrease
of the heart rate in dKOmice initially determined under isoflurane nar-
cosis (Fig. 3Bb). Additionally we could, in similarity to themean arterial
pressure, link the decrease in heart rate to the genotypes with the Gα11
knockout (Fig. 4Ca). The standard deviation of normal R–R intervals
(Fig. 4Cb), representing total autonomic variability gave a significant
increase for G11-KO mice compared to all other genotypes. Further
time-domain and frequency domain parameters of the HRV depicted
no differences betweenWT and dKO mice (see Fig. 4 in [20]).
3.4. Histology for collagen
Based on previous reports that following transaortic constriction
(TAC) mice lacking Gαq and Gα11 failed to develop hypertrophy [8],
we speculated as to whether collagen production was altered in vivo
when modulating such signaling pathways. Apart from pathological
alterations of the collagen content, it is well established that the propor-
tion of collagen in the heart is increasing with progressing age. We thus
wondered whether increased fibrosis accompanying physiological
aging might be affected by Gαq/Gα11 signaling. To address this, we
probed histological sections for collagen content by Sirius Red staining
with hearts at three different ages (8-, 22- and 50-weeks) for all four
genotypes. Fig. 5A depicts representative sections for all conditions
probed, while Fig. 5B summarizes the statistics for a population of
mice. Interestingly, WT hearts developed the expected increase in
Fig. 5. Assessment of fibrosis in aging WT, Gq-KO, G11-KO and dKO mouse hearts. (A) Representative histological sections through hearts of WT, Gq-KO, G11-KO and dKO mice
(from left to right) at three different time points (8,22 and 50 weeks, top-down) in which the collagen content was probed by Sirius Red staining. The value in each image gives
the fraction of Sirius Red stained area of the entire heart's area. (Ba) Statistical analysis of 30 slices from at least three mouse hearts for each genotype and time point. The bars on
top display the statistical analysis of the 8 week vs. 50 week values within each genotype. The bar's color identifies the genotype. Stars below the traces depict statistically sig-
nificant differences at the given time point for the genotype indicated by the corresponding color against WT. (Bb) Detailed p-value table for the comparisons of all genotypes at
the age of 22 weeks (gray cells) and 50 weeks (yellow cells). Black numbers did not reach the significance level of 0.05. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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collagen content (black) but the Gq-KO, the G11-KO and the dKO mice
depicted a significant lower fibrosis compared to WT mice at 50 weeks
of age.
3.5. Molecular analysis
Based on our finding that physiological aging-related fibrosis of
the heart was substantially reduced or even absent, we thought of
performing a whole transcriptome comparison of cardiac myocytes
from WT and dKO-mice to identify possible candidate genes. In the
analysis we particular concentrated on collagen and extracellular
matrix related gene families as depicted in Table 2. Interestingly, we
found that although the mRNA for most collagens was upregulated in
myocytes from dKO hearts, members of the large family of matricellular
proteins that are known to dynamically regulate the structure and
function of the extracellular matrix [31] were significantly downregu-
lated. We found that in particular the mRNA of the highly abundant
matricellular protein of the CCN family, Cyr61, was substantially down-
regulated andwould suggest that changes in its expressionmight play a
significant role in our findings.
4. Discussion
In thismanuscriptwe report a novel link betweenGαq/Gα11 signaling
and structural remodeling of the heart that might be important during
cardiac hypertrophy. Employing a cardiac-specific, conditional Gq-KO
mouse strain we were able to downregulate Gαq protein levels in the
heart to below detection limits within 3 weeks. In vivo characterization
depicted longer lifetimes and substantially lower heart rates with an im-
proved ejection fraction of the dKO mice. In Gq-KO and dKO mice age-
dependent increases in fibrosis were absent or substantially decreased,
most likely through down regulation of matricellular genes such as for
Cyr61 that regulate extracellular matrix formation and signaling.
4.1. Functional characterization of Gαq/Gα11-KO mouse strains
Understanding the role of Gαq-dependent intracellular signaling in
the heart requires the availability of tissue-specific inhibitors, activators
or tissue-specific KO of the Gαq gene. Here, we introduce a novel
cardiac-specific Gq-KOmouse line and its characteristics. In comparison
to an earlier Gq-KOmouse line with a non-inducible Cre [8], the mouse
line used here was Tamoxifen-inducible, Gαq proteins were downregu-
lated to below detection levels within 3 weeks after Tamoxifen induc-
tion and the KO was cardiac-specific as demonstrated by the use of a
reporter mouse (Fig. 1).
A thorough in vivo investigation of the cardiac morphology and
function gained little differences between the various genotypes used.
Nevertheless, dKO mice displayed a significantly longer lifespan than
WT concomitant with a higher ejection fraction and significantly slower
heart rate. To test, whether the latter parameters depend on one anoth-
er or were the result of a compensatory process, we reduced the heart
rate pharmacologically (CCPA) and found that in mice, a slower heart
rate is accompanied with a smaller not — as found for the dKO mice —
increased ejection fraction (Fig. 2). At this point we would speculate
that the longer lifespan of the dKO mice was a result of the slower
heart rate (Fig. 4Ca). HRV analysis did not give evidence for a particular
influence of Gαq/Gα11 signaling concerning the sympathetic or
parasympathetic nervous system (see Fig. 4 in [20]). Despite such differ-
ences between the various genotypes, a study using working hearts
ex vivo yielded no differences in ejection fraction. This was a surprising
result because the increased ejection fraction in dKOmice in vivowas in
agreement with increased Ca2+-transients in ventricular myocytes iso-
lated from dKO mice reported previously [14]. We can't provide a full
explanation for the apparent discrepancy between cellular Ca2+-
transients and theworkingheart ejection fraction.However, to translate
Ca2+-signals into contraction requires further steps and hence offers
the possibility of additional regulatory mechanisms such as the Ca2+-
sensitivity of the contractile filaments.
To address this puzzling finding we went back to the in vivo situa-
tion and measured the mean arterial pressure in the mice. We found
that the mean arterial pressure was significantly reduced in a Gα11-
dependent manner. These findings strongly suggested that the in-
creased ejection fraction found in the dKO mice measured in vivo
might indeed be an off-target effect of Gα11 KO rather than Gαq-depen-
dent. In contrast to the conditional Gαq KO, Gα11-protein were absent
globally. At this point we speculate that the reduced mean arterial
Table 2
Summary of the Next Generation Sequencing analysis of the transcriptome obtained from isolated myocytes of WT and dKO hearts. Only genes coding for major extracellular matrix
proteins and matricellular proteins whose transcriptional activity was significantly changed are listed.
Gen group Gen Full name Subtype Reads WT Reads dKO Ratio KO/WT log2 (fold change) p-Value
Major extracellular
matrix proteins
Col1a1 Collagens Type 1, α1 21.89 29.31 1.34 0.42 0.0002
Col1a2 Type 1, α2 25.83 34.16 1.32 0.40 0.0003
Col3a1 Type 3, α1 35.34 55.19 1.56 0.64 0.0001
Col4a1 Type 4, α1 75.74 102.2 1.35 0.43 0.0002
Col4a4 Type 4, α4 0.4925 0.7639 1.55 0.63 0.0001
Col5a2 Type 5, α2 4.366 5.535 1.27 0.34 0.0046
Col5a3 Type 5, α3 7.081 9.541 1.35 0.43 0.0003
Col6a1 Type 6, α1 24.43 35.99 1.47 0.56 0.0001
Col6a2 Type 6, α2 26.17 37.70 1.44 0.53 0.0001
Fn1 Fibronectin 1 4.286 8.535 1.99 0.99 0.0001
Lama2 Laminins α2 18.36 23.31 1.27 0.34 0.0046
Lama4 α4 16.94 22.97 1.36 0.44 0.0001
Lama5 α5 14.62 7.708 0.53 −0.92 0.0001
Lamb3 β3 4.822 6.337 1.31 0.39 0.0020
Lamc2 γ2 1.805 1.248 0.69 −0.53 0.0004
Vtn Vitronectin 15.24 24.31 1.60 0.67 0.0001
Matricellular proteins Cyr61 Cysteine-rich angiogenic
protein 61
CCN-1 432.8 259.0 0.60 −0.74 0.00005
Ctgf Connective tissue growth factor CCN-2 159.9 129.0 0.81 −0.31 0.0075
Wisp1 WNT1 inducible signaling
pathway protein
CCN-4 0.5582 0.2094 2.67 −1.41 0.00005
Wisp2 CCN-5 1.427 2.684 1.88 0.91 0.00005
Fbln2 Fibulins Isoform 2 22.67 29.37 1.30 0.37 0.0014
Fbln5 Isoform 5 4.53 6.15 1.36 0.44 0.0002
Postn Periostin 6.127 10.46 1.71 0.77 0.00005
Sparc Osteonectin 172.4 250.6 1.45 0.54 0.00005
Thbs1 Thrombo-spondins TSP-1 1.201 2.871 2.39 1.26 0.00005
Comp TSP-5 0.6756 1.344 1.99 0.99 0.0001
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pressure was a result of Gα11 KO in smooth muscle cells reducing
the peripheral resistance. This hypothesis is supported by the following
findings: (i) the ejection fraction of hearts from Gq-KO mice was not
significantly different compared with WT hearts (see Fig. 2 in [20]);
(ii) the global G11-KO mice exhibited a significantly higher ejection
fraction than did the WT mice, as did the Gq-KO hearts (see Fig. 2 in
[20]); and (iii) Gαq/Gα11 signaling in smooth muscle cells controls
contractility and thus smooth muscle tone [30].
In recent reports, Gαq-protein function was attributed to a reduced
heart rate because of Gαq-signaling specifically in the sinoatrial (SA)
node the heart's primary pacemaker center [32]. In our study,we cannot
directly support such findings, because the heart rate was not signifi-
cantly different between Gq-KO and WT animals (Fig. 4Ca). Instead,
G11-KO and the dKO of both G-proteins resulted in a significantly and
maintained lower heart rate (Fig. 4Ca).
4.2. Remodeling of the extracellular matrix
Significantly increased fibrosis has been identified as a hallmark of
cardiac hypertrophy [33] and hypertrophy was significantly reduced
or absent in dKO mice as previously reported [8]. We thus addressed
the putative role Gαq/Gα11-dependent signaling pathways may play
for the production of the extracellular matrix in the heart. A longterm
study on aging mice revealed that age-dependent increases in fibrosis
were absent in Gq-KO and significantly reduced in G11-KO and dKO
mice (Fig. 5). In a whole transcriptome Next Generation Sequencing
study we identified that transcripts for collagens were upregulated.
In contrast, transcripts coding for proteins responsible for the dynamic
rearrangement and signaling of the extracellular matrix, the family
of matricellular proteins [34] were substantially downregulated
(Table 2). Our sequencing data demonstrated (Table 2) that the
transcriptional activity of members of the CCN protein family [35] was
substantially downregulated. A very prominent one was the cysteine-
rich angiogenic inducer 61 (Cyr61) (Table 2, top line of lower portion).
Cyr61 is reportedly involved in extracellularmatrix production [36] and
its expression has been shown to be regulated by the Gαq/Gα11 signal-
ing pathway [35]. Thereforematricellular proteinsmight be the limiting
factor for extracellular matrix formation independent of the expression
level of other molecular constituents of the extracellular matrix.
Additionally, Cyr61 upregulation appears to accompany pressure-
overload induced hypertrophy in a protein kinase C dependent manner
[37] probably representing the link downstream to Gαq/Gα11 signaling
[38]. It therefore appears likely that Gq-KO efficiently reduced or
suppressed pressure-overloaddependent hypertrophy because upregu-
lation of matricellular gene activity is an important step resulting in an
increased cardiac fibrosis that further fosters cardiac structural remod-
eling and cardiac malfunction.
5. Conclusions
Based on the in vivo characterization of Gq-KO, G11-KO and dKO
mice we conclude that Gα11 signaling in smooth muscle affects both
cardiac afterload and cardiac performance and decreased heart rate in
combination with decreased afterload appears to be the reason for the
increased survival of the dKO mice compared with both the single-
KOs and the WT mice. Gαq/11 signaling diminishes age-dependent in-
creases in fibrosis, most likely through down regulation of matricellular
genes, presumably Cyr61 that regulates extracellular matrix formation
and signaling.
Such the Gαq/Gα11 signaling and it's relation to cardiac hypertrophy
is not related to single cell Gαq and InsP3 signaling in ventricular
myocytes, but a multiparametric systemic and organ based effect.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ijcard.2015.10.069.
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